Introduction {#Sec1}
============

A complex genetic background of thousand-kernel weight (TKW), one of the most important components of cereal yield, has been detected in rye (Milczarski and Masojć [@CR20]; Falke et al. [@CR7]; Miedaner et al. [@CR19]; Myśków et al. [@CR24]; Masojć et al. [@CR18]; Hackauf et al. [@CR11]), wheat (Börner et al. [@CR3]; Groos et al. [@CR10]; Cuthbert et al. [@CR5]; Sun et al. [@CR28]; Ramya et al. [@CR26]; Cui et al. [@CR4]; Mohler et al. [@CR22]), and barley (Bezant et al. [@CR2]; Teulat et al. [@CR30]; Tsilo et al. [@CR32]) by means of QTL mapping. Several QTL for TKW in rye were found on each of the seven chromosomes in various map intervals (Milczarski and Masojć [@CR20]; Falke et al. [@CR7]; Miedaner et al. [@CR19]; Myśków et al. [@CR24]; Masojć et al. [@CR18]; Hackauf et al. [@CR11]).

Because a single QTL of the predominantly strong effect on TKW has not been detected so far in rye, the most reliable strategy of selection is pyramiding positively acting alleles from several effective QTL in one variety. Identification of three or four loci genotypes stabilizing TKW on the highest possible level is a challenging task for rye geneticists. One of the questions which should be addressed in the course of these investigations is the role of genetic interactions that might enhance or reduce particular alleles effects (Tranquilli and Dubcovsky [@CR31]; Long et al. [@CR13]; Deng et al. [@CR6]).

Genetic analysis carried out within-population tails suggests a substantial role of two-loci interactions in controlling phenotypic variation in the rye (Masojć et al. [@CR17]). This hypothesis is based on frequent detection of QTL representing R and E classes showing alleles-trait association only in one of the two population tails (i.e., that representing desirable phenotype (R class loci) or the opposite, gathering lines of negative characteristics (E class locus)). As shown in a recently developed genetic model (Masojć et al. [@CR17]), QTL of R and E classes reflect epistatic interaction with QTL of class D (directional), revealing alleles-trait association within both population tails. The method of QTL classification is known as genes interaction assorting by divergent selection (GIABDS) (Masojć et al. [@CR17]) and represents further development of bidirectional selective genotyping (BSG), used by many authors for QTL identification (Gallais et al. [@CR9]; Navabi et al. [@CR25]; Sun et al. [@CR29]; Farkhari et al. [@CR8]; Myśków and Stojałowski [@CR23]). Both methods apply the divergent selection to generate two subpopulations with contrasting phenotypes and look for significant differences in allele frequencies to disclose QTL. GIABDS is carried out within bi-parental populations of recombinant inbred lines where QTL detection relies on finding a significant deviation from the expected 1:1 allelic segregation ratio among selected lines with extreme phenotypes. So far, studies using GIABDS method have allowed us to characterize the genetic architectures of 11 quantitative traits in rye (Masojć et al. [@CR15], [@CR16], [@CR18]). Results of GIABDS were shown to comply with those of classic QTL mapping on examples of pre-harvest sprouting and alpha-amylase activity in rye (Masojć and Milczarski [@CR14]; Masojć et al. [@CR15], [@CR16]). Revealing QTL classes by GIABDS allowed us to select those having a significant impact on desirable traits since only the D and R or R\* classes are useful for trait improvement. QTL of class E and E\* are not effective as selection tools and can be omitted. This property of GIABDS analysis can significantly reduce the number of molecular marker loci planned to be developed for selection aims.

This paper is aimed at the characterization of QTL for TKW in the 541 × Ot1-3 mapping population of rye using three methods of QTL detection (GIABDS, SMA (single-marker analysis) and Kruskal--Wallis (K--W) test)). This is also the first attempt to study two-loci interactions using a recently developed model for genetic analysis within-population tails.

Materials and methods {#Sec2}
=====================

Plant materials {#Sec3}
---------------

The 541 × Ot1-3 mapping population of rye consisting of 144 recombinant inbred lines (RILs) representing *F*~\> 11~ generations was propagated in 2015--2017 on the experimental field of West Pomeranian University of Technology, Szczecin, Poland. Each RIL was grown in a 1-m row with 20 cm interspace. Individual spikes were bagged before the pollination period to avoid outcrossing. Mature spikes were hand-threshed, and grain from 6 to 10 plants per line was collected and stored at room temperature in paper bags. TKW was evaluated using an automatic seed counter and electronic weight with an accuracy of 0.1 g. The two subpopulations of RILs, first representing the lowest and second the highest TKW values, were selected from the lower and upper population tails, respectively. Selected subpopulations consisted of 24 (upper tail) and 25 (lower tail) RILs. The averaged data was used.

QTL mapping {#Sec4}
-----------

RIL genotypes were derived from marker segregation data of the high-density DArT-based genetic map of rye developed on the 541 × Ot1-3 mapping population by Milczarski et al. ([@CR21]). Classic QTL mapping performed through single marker analysis (SMA) using Windows QTL Cartographer 2.5 (Wang et al. [@CR35]), K--W using MapQTL 5 (Van Ooijen [@CR33]), and GIABDS, a method based on a recently developed genetic model (Masojć et al. [@CR17]), were applied for QTL mapping. QTL were revealed in map positions where at least three consecutive markers showed significant association with TKW. QTL was denoted using trait symbol (TKW) followed by chromosome localization and its consecutive number on the chromosome map. Statistical analyses were based on likelihood ratio (LR) and *F* tests (*p* \< 0.05) in SMA and on nonparametric Kruskal--Wallis *K*\* test (*p* \< 0.05) (Lehmann [@CR12]) as well as on χ^2^ test (*p* \< 0.05) examining the significance of distortion from the 1:1 segregation ratio of AA and BB genotypes within each of the two population tails in GIABDS method. Effectiveness of particular QTL in TKW control was characterized by the coefficient of determination (*R*^2^) in SMA and by the difference in genotypic values of AA (parental line 541) and BB (parental line Ot1-3) genotypes in GIABDS method. The genotypic value was assessed as a mean of phenotypic values for 45--56 RILs representing the same single-locus homozygote. Genotypic values were presented in percent, where 100% value was attributed to the highest level of TKW, detected within the mapping population (32.0 g). The only QTL with genotypic values differing considerably (more than 5.0%) were included in the analysis of two-loci interactions.

GIABADS method {#Sec5}
--------------

QTL were classified according to the system developed earlier (Masojć et al. [@CR15], [@CR16], and 2017). Significant distortion from the expected 1:1 segregation found within both selected subpopulations, with an overrepresentation of different alleles identified QTL of class D (directional). If segregation distortion was detected only within the subpopulation of high TKW values and frequencies of genotypes were close to 1:1 ratio within the opposite subpopulation, the R class, was assigned to QTL. QTL of class E was reported when segregation distortion was proved within a subpopulation of low TKW and a 1:1 ratio of genotypes frequencies pertained with high TKW group. The *R*\* class was distinguished for QTL showing segregation distortion (AA genotype in excess) within the upper tail and segregation ratio close to 2:1 (BB genotype in excess) within the lower tail. According to the genetic model (Masojć et al. [@CR17]), the class of the QTL indicates its relationship with other QTL.

The relationship between two QTL controlling TKW was defined by comparing the genotypic values of the four double homozygotes detected within the mapping population of RILs. The genotypic value for two-loci genotype was calculated as a mean of 20--35 RILs representing one of the double homozygotes (AA;AA, AA;BB, BB;AA, or BB;BB).

Differences between genotypic values of the two double homozygotes lower than 5% (below a 4.5% threshold) were assumed to be insignificant or ineffective for divergent selection. Distribution of significant and insignificant genotypic differences between four double homozygotes was related to the type of two-loci interaction and alleles distribution in selected subpopulations, as shown in the model (Masojć et al. [@CR17]). An additive relationship between two QTL (D-D type of interaction) was declared when significant allelic effects found at individual loci were also detectable on the level of two-loci genotypes (genotypic differences above a 4.5% threshold). Insignificant difference between genotypic values of AA;AA and AA;BB double homozygotes indicated the D-E type of interaction, while the insignificant difference between genotypic values of BB;AA and BB;BB homozygotes suggested the D-R type of interaction. Both D-E and D-R types of interaction were considered as an epistatic relationship, where the presence of one allele at the D class locus repressed differentiation of allelic effects at the second locus. The E\*-E\* type of interaction was demonstrated by similar genotypic values of three double homozygotes: AA;AA, AA;BB, and BB;AA and substantially lower value of the BB;BB genotype. This type of interaction corresponded to the complementary relationship between two QTL, where only in the presence of B alleles at both loci a strong negative effect on the trait value was observed. A characteristic feature of the R\*-R\* type of interaction was similar genotypic values of the three double homozygotes, i.e., AA;BB, BB;AA, BB;BB, and significantly higher genotypic value of homozygote AA;AA. This interaction also represented the complementary relationship between QTL, where the strong positive effect on the studied trait could be observed only in the presence of A alleles at both loci.

Results {#Sec6}
=======

Characterization of the mapping population concerning TKW variation {#Sec7}
-------------------------------------------------------------------

TKW showed a wide variation range (9.2--32.0 g) within the 541 × Ot1-3 mapping population in 2017 (Fig. [1](#Fig1){ref-type="fig"}), substantially exceeding that represented by parental lines: Ot1-3 of genotype BB (15.4 g) and 541 of genotype AA (24.3 g). The population mean was 19.3 g (60.4%), and those for selected subpopulations with the lowest and the highest TKW were 12.5 g (39.1%) and 25.9 g (80.9%), respectively. TKW values in a subpopulation of 24 RILs representing lower tail ranged from 9.2 to 14.9 g and those in a subpopulation of 25 RILs representing upper tail---from 21.7 to 32.2 g ([S1](#MOESM1){ref-type="media"} File).Fig. 1Distribution of thousand-kernel weight (TKW) in recombinant inbred lines of the 541 × Ot1-3 mapping population of rye in 2017

QTL mapping {#Sec8}
-----------

A total of 28 of QTL for thousand kernel weight were detected using three methods of QTL mapping (Fig. [2](#Fig2){ref-type="fig"}). The highest number of QTL was revealed by the K--W method (27). Only four QTL out of 27 found using the K--W test was not confirmed using SMA. QTL range was very similar for SMA and K--W in the majority of loci. Thus, both methods gave highly similar results of TKW architecture. GIABDS elucidated 13 QTL coinciding with those found by the two remaining methods and one specific locus on chromosome 3R (*QTKW3R.4*). Usually, the range of QTL detected by GIABDS was narrow in respect to that displayed by SMA and K--W, but in a few cases (*QTKW2R.4*, *QTKW4R.1*, *QTKW6R.2*, *QTKW7R.1*, *QTKW7R.2*, and *QTKW7R.5*) it was similar to those determined by classic methods. QTL were not evenly distributed along rye chromosomes. The highest number of QTL for TKW contained chromosomes 6R (6), 2R (5), 3R(5), and 7R (5). Single QTL were found on chromosomes 1R and 4R. Statistic tests for QTL significance are shown in Table [1](#Tab1){ref-type="table"} with supplementary File [S1](#MOESM1){ref-type="media"} (GIABDS method) and Table [2](#Tab2){ref-type="table"}. The highly distorted segregation ratio of AA vs. BB genotypes was found in both population tails for *QTKW7R.5* (QTL of class D), only within a lower population tail for QTKW2R.1 (class E) or only within upper population tail for the remaining 12 QTL (class R or R\*). According to the SMA and K--W methods, the highest significance level was found for QTL: *QTKW2R.1*, *QTKW2R.3*, *QTKW2R.4*, *QTKW2R.5*, *QTKW7R.4*, and *QTKW7R.5* (Table [2](#Tab2){ref-type="table"}). The coefficient of determination (*R*^2^) overcame the 7.0% value only for QTL: *QTKW2R.1*, *QTKW2R.2*, *QTKW2R.3*, *QTKW2R.4*, *QTKW2R.5*, *QTKW 7R.4*, and *QTKW7R.5*. The remaining QTL have rather low *R*^2^ values (2.5--6.5%), which shows that they can exert stronger effects on TKW only by cumulative action.Fig. 2QTL mapping for thousand-kernel weight within 541 × Ot1-3 population of recombinant inbred lines of rye using three methods: genes interaction assorting by divergent selection (GIABDS), single marker analysis (SMA), and Kruskal--Wallis test (K--W). DArT-based high-density genetic map developed by Milczarski et al. ([@CR21]) was usedTable 1Characterization of QTL for thousand-kernel weight (TKW) in rye detected within the 541 × Ot1-3 mapping population of recombinant inbred lines, using the method of genes interaction assorting by divergent selection (GIABDS)QTLMap position (cM)Flanking markersRatio of AA and BB genotypes within selected subpopulation with the highest TKW valuesχ^2^ (1:1)Ratio of AA and BB genotypes within selected subpopulation with the lowest TKW valuesχ^2^ (1:1)QTL class*QTKW2R.1*14.7XrPt38933210:140.676:196.76\*\*E22.5XrPt116273*QTKW2R.3*122.8XrPt34505718:66.00\*10:151.00R125.2XrPt508720*QTKW2R.4*133.6XrPt40099719:58.17\*\*11:140.36R136.0XrPt399895*QTKW3R.2*40.2XrPt34918121:313.5\*\*\*10:151.00R43.5XrPt348182*QTKW3R.4*77.7XrPt39983019:58.17\*\*12:130.04R82.2XrPt505832*QTKW4R.1*68.2XrPt50807020:410.67\*\*13:120.04R68.4XrPt402117*QTKW5R.2*215.9XrPt34843119:58.17\*\*9:161.96R220.3XrPt505467*QTKW5R.4*228.1XrPt40194418:66.00\*11:140.36R231.2XrPt346964*QTKW5R.5*244.3XrPt41147918:66.00\*11:140.36R244.3XrPt346862*QTKW6R.2*205.4XrPt50620118:66.00\*12:130.04R209.9XrPt400819*QTKW7R.1*25.1XrPt50646818:66.00\*8:173.24R\*26.6XrPt505798*QTKW7R.2*68.7XrPt41077919:58.17\*\*8:173.24R\*89.2Xopq4L578*QTKW7R.4*272.3XrPt34384919:58.17\*\*9:161.96R274.2XrPt389812*QTKW7R.5*284.6XrPt34692118:66.00\*6:196.76\*D285.9XrPt509722\*, \*\*, \*\*\* significant at *p* \< 0.05, *p* \< 0.01, and *p* \< 0.001, respectivelyTable 2Confirmation of QTL for thousand-kernel weight, detected using Genes Interaction Assorting by Divergent Selection (GIABDS) method, through classic QTL analysis: SMA (Single Marker Analysis) and K--W (Kruskal--Wallis test) of the entire 541 × Ot1-3 mapping population of recombinant inbred lines in 2017GIABDSSingle Marker AnalysisKruskal--WallisQTLPosition^a^Position^a^LRSignificance at *p*\<*R*^2^ (%)Position^a^K^\*^Significance at *p*\<*QTKW1R.1*4--107.080.016.408--128.400.005*QTKW2R.1*14--1815--209.820.017.652--2110.800.001*QTKW2R.2*33--377.040.017.6028--386.710.01*QTKW2R.3*69--7755--8110.200.017.2055--818.950.005*QTKW2R.4*84--8786--8910.680.017.6086--894.810.05*QTKW2R.5*94--979.370.018.4994--978.480.005*QTKW3R.1*23--296.170.055.2923--266.900.01*QTKW3R.2*34--3932--436.890.014.5031--446.590.05*QTKW3R.3*47--494.740.054.5046--505.600.05*QTKW3R.4*69--75*QTKW3R.5*181--1876.060.055.15182--18975.010.05*QTKW4R.1*58--6159--617.240.016.5059--616.800.01*QTKW5R.1*15--198.300.005*QTKW5R.2*100--10692--1055.100.054.5592--1057.550.01*QTKW5R.3*111--1154.560.05*QTKW5R.4*118--137125--1375.560.05*QTKW5R.5*145--156139--1455.560.05*QTKW6R.1*102--1036.430.052.40101--1033.910.01*QTKW6R.2*108--115107--1156.600.055.07108--1156.690.05*QTKW6R.3*124--1265.380.053.33124--1264.860.05*QTKW6R.4*184--1876.770.054.00184--1874.390.05*QTKW6R.5*194--1988.500.014.80191--1985.600.05*QTKW6R.6*208--2104.550.054.00209--2114.900.05*QTKW7R.1*28--3528--357.330.015.4028--356.530.05*QTKW7R.2*53--5654--567.580.014.6052--565.240.05*QTKW7R.3*1786.800.015.40177--1827.160.01*QTKW7R.4*195--199194--2009.930.017.05187--2009.150.005*QTKW7R.5*213--216213--2168.660.017.56215--2167.910.005^a^Marker number on chromosome map^b^LR, likelihood ratio test statistic compares two nested hypotheses (marker is linked to a QTL or not) and is two times the negative natural log of the ratio of the likelihoods (−2ln(L0/L1). Minimum significance at *p* \< 0.05. The hypothesis H0: b1 = 0 to an alternative H1: b1 not 0 and that they have likelihoods L0 and L1 respectively^c^*R*^2^ \[%\], the coefficient of determination: phenotypic variation explained by the marker in %^d^The Kruskal--Wallis test statistic *K*\* which measures the association between marker genotype and TKW segregation. For the *K* test, an association was indicated when the mean values of the marker classes were significantly different at *p* \< 0.05

Analysis of QTL interaction {#Sec9}
---------------------------

A group of seven QTL was selected for analysis of two-loci interaction based on higher than 5% values of their difference between AA and BB genotypic values (Table [3](#Tab3){ref-type="table"}). Genotypic values of AA genotypes in selected QTL exceeded the population mean by 2.9--4.7% and those of BB genotypes were lower than the population mean by 3.0--5.7% (Table [3](#Tab3){ref-type="table"}). Differences between genotypic values of single QTL homozygotes AA and BB ranged from 6.4% for *QTKW3R.2* to 9.8% for *QTKW4R.1*. Genotypic difference between double homozygotes AA;AA and BB;BB varied from 9.9% (*QTKW7R.2-QTKW7R.5*) to 17.4% (*QTKW7R.5-QTKW6R.2*) (Tables [4](#Tab4){ref-type="table"}, [5](#Tab5){ref-type="table"}, [6](#Tab6){ref-type="table"}, [7](#Tab7){ref-type="table"}, and [8](#Tab8){ref-type="table"}).Table 3Differences in genotypic values of AA (alleles from line 541) and BB (alleles from line Ot1--3) homozygotes for particular QTL controlling thousand-kernel weight in ryeQTLClass of QTL revealed through analysis of population tailsGenotypic value of AA \[%\]Genotypic deviation of AA from the population mean \[%\]Genotypic value of BB \[%\]Genotypic deviation of BB from the population mean \[%\]Difference between genotypic values of AA and BB \[%\]*QTKW4R.1*R65.0+4.655.2−5.29.8*QTKW2R.3*R63.4+3.054.7−5.78.7*QTKW2R.1*E65.1+4.757.2−3.27.9*QTKW7R.2*R63.7+3.355.9−4.57.8*QTKW7R.5*D64.5+4.157.3−3.17.2*QTKW3R.2*R63.8+3.457.4−3.06.4*QTKW6R.2*R63.3+2.956.8−3.66.5Table 4Distribution of genotypic values \[%\] for two-loci homozygotes and suggested interaction types between *QTKW2R.3* and other QTL for thousand-kernel weight. Genotypic differences lower than 4.5% threshold are in boldQTL*QTKW2R.3QTKW2R.3*Genotypic differenceInteraction typeGenotypeAABB*QTKW3R.2*68.957.811.2D-RAA*QTKW3R.2*62.255.66.6BBGenotypic difference6.7**2.2**13.4*QTKW6R.2*65.459.36.1D-EAA*QTKW6R.2*61.552.39.2BBGenotypic difference**3.9**7.013.6*QTKW2R.1*65.762.2**3.5**E\*-E\*AA*QTKW2R.1*61.654.66.5BBGenotypic difference**4.1**7.611.1*QTKW7R.2*66.761.15.6D-DAA*QTKW7R.2*59.154.54.6BBGenotypic difference7.66.612.2Table 5Distribution of genotypic values \[%\] for two-loci homozygotes and suggested interaction types between *QTKW7R.5* and other QTL for thousand-kernel weight. Genotypic differences lower than 4.5% threshold are in boldQTL*QTKW7R.5QTKW7R.5*Genotypic differenceInteraction typeGenotypeAABB*QTKW2R.3*67.660.57.1D-DAA*QTKW2R.3*60.652.58.1BBGenotypic difference7.08.015.1*QTKW2R.1*66.461.15.3D-EAA*QTKW2R.1*62.454.38.1BBGenotypic difference**4.0**6.812.1*QTKW3R.2*65.058.96.1R\*-R\*AA*QTKW3R.2*58.755.0**3.7**BBGenotypic difference6.3**3.9**10.0*QTKW6R.2*68.860.78.1D-DAA*QTKW6R.2*59.851.48.4BBGenotypic difference9.09.317.4*QTKW7R.2*64.761.4**3.3**E\*-E\*AA*QTKW7R.2*64.154.89.3BBGenotypic difference**0.6**6.69.9Table 6Distribution of genotypic values (%) for two-loci homozygotes and suggested interaction types between *QTKW6R.2* and other QTL for thousand-kernel weight. Genotypic differences lower than 4.5% threshold are in boldQTL*QTKW6R.2QTKW6R.2*Genotypic differenceInteraction typeGenotypeAABB*QTKW3R.2*67.458.88.6D-DAA*QTKW3R.2*59.953.76.2BBGenotypic difference7.55.113.7*QTKW2R.1*66.860.36.5D-EAA*QTKW2R.1*62.651.311.3BBGenotypic difference**4.2**9.015.5*QTKW7R.2*65.760.84.9D-DAA*QTKW7R.2*59.854.75.1BBGenotypic difference5.96.111.0Table 7Distribution of genotypic values (%) for two-loci homozygotes and suggested interaction types between *QTKW4R.1* and other QTL for thousand-kernel weight. Genotypic differences lower than 4.5% threshold are in boldQTL*QTKW4R.1QTKW4R.1*Genotypic differenceInteraction typeGenotypeAABB*QTKW2R.3*67.055.211.8D-RAA*QTKW2R.3*58.653.55.1BBGenotypic8.4**1.7**13.5difference*QTKW7R.5*68.757.211.5D-RAA*QTKW7R.5*60.653.86.8BBGenotypic difference8.1**3.4**14.9*QTKW3R.2*67.157.29.9D-RAA*QTKW3R.2*60.154.45.7BBGenotypic difference7.0**2.8**12.7*QTKW2R.1*67.759.48.3D-DAA*QTKW2R.1*60.251.88.4BBGenotypic difference7.57.615.9*QTKW6R.2*66.058.47.6D-DAA*QTKW6R.2*60.051.09.0BBGenotypic difference6.07.415.0*QTKW7R.2*66.660.16.5D-DAA*QTKW7R.2*59.352.07.3BBGenotypic difference7.38.114.6Table 8Distribution of genotypic values (%) for two-loci homozygotes and suggested interaction types between *QTKW3R.2*, *QTKW2R.1*, and *QTKW7R.2* for thousand-kernel weight. Genotypic differences lower than 4.5% threshold are in boldQTL*QTKW3R.2QTKW3R.2*Genotypic differenceInteraction typeGenotypeAABB*QTKW2R.1*66.561.15.4D-DAA*QTKW2R.1*59.353.75.6BBGenotypic difference7.27.412.8*QTKW7R.2*66.059.56.5R\*-R\*AA*QTKW7R.2*58.355.7**2.6**BBGenotypic difference7.7**3.8**10.3*QTKW7R.2QTKW7R.2*AABB*QTKW2R.1*66.860.56.3D-DAA*QTKW2R.1*61.355.26.1BBGenotypic difference5.55.311.6

Distributions of genotypic values for two-loci homozygous genotypes representing particular pairs of QTL (Tables [4](#Tab4){ref-type="table"}, [5](#Tab5){ref-type="table"}, [6](#Tab6){ref-type="table"}, [7](#Tab7){ref-type="table"}, and [8](#Tab8){ref-type="table"}, Fig. [3](#Fig3){ref-type="fig"}) corresponded to those described in the model of two-loci interactions (Masojć et al. [@CR17]). Individual QTL were involved in various types of two-loci interactions. Ten pairs of QTL (*QTKW2R.3-QTKW7R.5*, *QTKW2R.3-QTKW7R.2*, *QTKW6R.2-QTKW7R.5*, *QTKW3R.2-QTKW6R.2*, *QTKW7R.2-QTKW6R.2*, *QTKW4R.1-QTKW6R.2*, *QTKW4R.1-QTKW2R.1*, *QTKW4R.1-QTKW7R.2*, *QTKW3R.2-QTKW2R.1*, and *QTKW7R.2-QTKW2R.1*) showed an additive relationship of the D-D type. Epistatic interaction of the D-R type can be suggested for four QTL pairs (*QTKW2R.3-QTKW3R.2*, *QTKW4R.1-QTKW2R.3*, *QTKW4R.1-QTKW7R.5*, and *QTKW4R.1-QTKW3R.2*). The scheme characteristic for D-E type of epistatic interaction is seen in the case of three QTL pairs (*QTKW6R.2-QTKW2R.1*, *QTKW7R.5-QTKW2R.1*, and *QTKW2R.3-QTKW6R.2*). Complementary interaction of E\*-E\* type is revealed by two QTL pairs (*QTKW2R.3-QTKW2R.1* and *QTKW7R.5-QTKW7R.2*). Complementary interaction of R\*-R\* type can be assigned to two QTL pairs (*QTKW7R.5-QTKW3R.2* and *QTKW7R.2-QTKW3R.2*).Fig. 3A network of 7 QTL for thousand-kernel weight (TKW) revealed through genetic analysis within the 541 × Ot1-3 mapping population of recombinant inbred lines of rye. Lines connecting QTL reflect their possible interaction classified according to Masojć et al. ([@CR17])

*QTKW3R.2* was characterized by GIABDS as an R class locus and expressed an epistatic R-D type of interaction with *QTKW2R.3* and *QTKW4R.1* and complementary R\*-R\* type of interaction with *QTKW7R.5* and *QTKW7R.2*. It can be concluded that the R class of *QTKW3R.2* complies with its profile of two-loci interactions. Confirmation of the QTL classification gained through GIABDS analysis was also obtained for *QTKW2R.1* of class E as it was involved in E-D type of interaction with *QTKW6R.2* and *QTKW7R.5* and in E\*-E\* type of interaction with *QTKW2R.3*. *QTKW7R.5* interacted with other QTL on a variety of ways (D-E, R-D, R\*-R\* and E\*-E\*). Allele B at this QTL was significant in TKW reduction through cumulative action with B alleles at *QTKW2R.1* and *QTKW7R.2* loci, while allele A positively affected TKW in combination with A alleles at *QTKW4R.1* and *QTKW3R.2* loci. These observations suggest that A and B alleles at the *QTKW7R.5* locus were significant for positive and negative directions of TKW selection, respectively. Thus, the interactions profile of *QTKW7R.5* seems to correspond to its class D revealed through analysis of alleles distribution within-population tails (Table [1](#Tab1){ref-type="table"}). *QTKW4R.1* was found to be involved only in D-R type of interactions with three other loci, and therefore, it played an important role in the cumulative effect of alleles A, elevating TKW value. Such interaction profiles for this QTL seems to comply with its classification as the R class locus (Table [1](#Tab1){ref-type="table"}). *QTKW7R.2* confirmed its classification (R\* class) in relation with *QTKW3R.2* (R\*-R\* type of interaction) but not in relation with *QTKW7R.5* (E\*-E\* type of interaction). *QTKW2R.3* was detected as a class R locus (Table [1](#Tab1){ref-type="table"}) and revealed similar status in relation to *QTKW4R.1* and the same type of relationship with *QTKW3R.2*. It was also involved in different types of interaction with *QTKW6R.2* (D-E type) and *QTKW2R.1* (E\*-E\* type). *QTKW6R.2* of class R was mainly involved in an additive relationship of D-D type with other QTL. Interactions of this QTL with *QTKW2R.1* (D-E type) and with *QTKW2R.3* (E-D type) seem to be incompatible with its status revealed within population tails.

Discussion {#Sec10}
==========

A system of 28 QTL for TKW was revealed in the 541 × Ot1-3 mapping population of RILs using three methods of QTL detection. This result confirms earlier reports showing the complexity of genetic control of the crucial yield component in rye (Miedaner et al. [@CR19]; Falke et al. [@CR7]; Myśków et al. [@CR24]; Hackauf et al. [@CR11]). Some apparent similarities in QTL location can be found in parallel studies. It can be noted for *QTKW7R.5* (this paper) and QTL from the distal region of chromosome arm 7RL reported by Miedaner et al. ([@CR19]) in two mapping populations. Both studies also disclose QTL for TKW on the short arm of chromosome 3R. Colocation of QTL from chromosomes 2RL, 3R, and 4R reported by Hackauf et al. ([@CR11]) and *QTKW2R.3*, *QTKW3R.2*, and *QTKW4R.1* characterized in the present study should also be acknowledged. Confirmation of effective QTL on chromosomes 2R and 4R in the two independent investigations are especially valuable. A similar map location to that occupied by *QTKW6R.2* (i.e., the long arm of chromosome 6R), was also revealed for QTL detected in mapping population explored by Myśków et al. ([@CR24]). Colocation of QTL for TKW in two, not related mapping populations was observed on chromosome 2RL (*QTKW2R.3*) (Milczarski and Masojć [@CR20] and the present study). However, numerous QTL for TKW observed in various bidirectional populations possibly represent different loci since the distribution of DNA polymorphisms is often independent in not related plant materials.

Confronting GIABDS, a relatively new method of QTL detection (Masojć et al. [@CR15], [@CR16], [@CR17], [@CR18]), with the classic approach in QTL mapping represented by SMA and K-W methods confirmed the reliability of the first method. Thirteen QTL for TKW revealed by GIABDS coincided with QTL determined by the two remaining methods. SMA and K-W proved to be more sensitive in QTL detection than GIABDS since they revealed an additional 14 QTL. It can be explained by a larger set of data available for the two classic methods as they are based on the analysis of the overall mapping population (144 RILs) while GIABDS was performed on data from two selected sets of 24--25 RILs each, representing population tails. Nevertheless, GIABDS analysis delivers unique information about the QTL class, which informs whether a given QTL is important for selection aimed at improving agronomic trait. It shows that only D, R, and R\* QTL classes represent positive allele-trait associations while the remaining classes as E or E\* are not valuable for selection purposes (Masojć et al. [@CR15], [@CR17]). GIABDS analysis also offers a new approach for assessing QTL interaction.

A growing number of studies are revealing the interactions between genes or QTL for such characteristics as heading date (Tranquilli and Dubcovsky [@CR31]), falling number (Deng et al. [@CR6]), and developmental traits (Wang et al. [@CR34]) in wheat, yield-related traits (Xing et al. [@CR37]) and male sterility (Long et al. [@CR13]) in rice, or developmental traits in *Arabidopsis* (Smith and Hake [@CR27]; Aida et al. [@CR1]). A complementary interaction between two loci for TKW located on chromosomes 5R and 7R in the rye was suggested by Wricke ([@CR36]). Results of QTL mapping for TKW in the 541 × Ot1-3 mapping population, strongly support the hypothesis about the important role of genes interaction in controlling the weight of rye grain.

The present study is a first attempt to check the new model of two-loci interactions based on the analysis of subpopulations with extreme trait values (Masojć et al. [@CR17]). It was tested on seven QTL detected by both QTL mapping using the overall population and GIABDS methods. This fact adds TKW to two other traits of rye (PHS, AA) where the validity of QTL detection by GIABDS method has been proven by the classic approach (Masojć et al. [@CR15], [@CR16]).

Differences between genotypic values of double homozygotes most frequently revealed independence of allelic effects at one QTL from genotype at the second QTL, which was characteristic for the additive relationship of the D-D type. However, in several tested two-loci combinations, one or two differences between genotypic values were below a threshold level, which suggested interaction. Four types of two-loci interaction consistent with the model schemes were postulated, such as the epistatic interaction of the D-R and D-E types and complementary interaction of the E\*-E\* and R\*-R\* types. The model assumed that the class of QTL revealed by analysis of AA and BB frequencies within subpopulations of extreme trait values results from two-loci interactions and, therefore, should be correlated with a specific distribution of genotypic values of four double homozygotes. Such confirmation of the QTL classification was gained for *QTKW3R.2* (R class locus) and *QTKW2R.1* (E class locus). Class D of *QTKW7R.5* can also be confirmed by a specific combination of interactions with other loci, important for both negative (D-E, E\*-E\*) and positive (R\*-R\*, R-D) direction of selection for TKW. Class R expressed by *QTKW4R.1* seems to be consistent with its D-R type of interactions with three QTL, possibly leading to the high value of its A allele for positive direction of selection and weak effects for the opposite direction. It is difficult to ascertain the class of remaining QTL from comparing genotypic values in two-loci schemes since they showed various types of possible interactions. It seems that QTL class obtained through analysis of subpopulations with extreme trait values should be considered as an outcome of predominant two-loci interactions, characterizing the status of specific QTL in a complex network of interactions. The main value of these QTL characteristics is a suggestion about the significance of particular alleles for selection in positive (classes R or R\*), negative (classes E or E\*), or in both (class D) directions, relative to breeding value. By confronting the theoretical model presented earlier (Masojć et al. [@CR17]) with experimental data for TKW in the rye, a high level of consistency has been found. Bear in mind that in the model examples only two loci and not a multi-loci network controlling quantitative trait were considered.

It seems that the D-D type of relationship between two QTL does not always indicate their high rank. Such a relationship exists between the most important QTL for TKW (i.e., *QTKW2R.3* and *QTKW7R.5*, *QTKW4R.1*, and *QTKW7R.2*) but also between QTL of lower rank (e.g., *QTKW2R.1* and *QTKW3R.2*). It seems likely that the D-D relationship informs merely about the additive effects of the two-loci genotypes. The superior role of QTL results from its involvement in several epistatic and/or complementary interactions increasing control over the quantitative trait. Therefore, *QTKW4R.1*, *QTKW7R.5*, and *QTKW2R.3* should be considered as key QTL in controlling high TKW within the 541 × Ot1-3 mapping population.

Pyramiding of A or B alleles in two or three interacting QTL showed that the extreme values of TKW could be reached by combining the proper alleles at four or five QTL. It seems that a subpopulation of RILs with extreme phenotypes contains several different combinations of the selected four or five loci genotypes with positively acting alleles. This hypothesis reveals several characteristics of the GIABDS analysis. First, it is understandable why heterogeneity (overrepresentation of one genotype) and not homogeneity (100% frequency of one allele) is observed at a particular QTL within the selected subpopulations of extreme trait values. This is because the highest trait values can be achieved by pyramiding alleles at different sets of four or five QTL. Since a number of effective QTLs are usually higher than four or five, the lack of a proper allele from one QTL can be compensated by the presence of effective alleles in another QTL. This feature of the GIABDS analysis increases the sensitivity of the QTL detection because two or three loci genotypes can attain highly differentiated genotypic values and might be efficiently separated through divergent selection. This mechanism allows the recognition of numerous QTLs with not high allelic effects.

The QTLs selected in this way, which are the most important for traits formation, become the basis for the selection of genotypes with the required properties. To this end, a set of allele-specific markers strongly associated with the trait should be prepared, for crossbreeding that will guarantee an optimal effect. The method applied allows the reduction of the number of QTLs considered for the selection process only to those that are positively targeted.

In conclusion, a phenotypically highly differentiated bi-parental population consisting of 120--150 RILs can be used for GIABDS analysis. Populations of this size allow us to select the two opposite subpopulations with extreme trait values consisting of c. 20 lines each, which is an acceptable number for testing the significance of segregation distortion. Validation of QTL detected through GIABDS analysis by classic QTL mapping support the notion that this new method is useful in the characterization of QTLs within populations of RILs. GIABDS may also be applied for the analysis of two-loci interactions according to the genetic model developed earlier.
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